Interactions between the nuclear matrix and special regions of chromosomal DNA called matrix attachment regions (MARs) have been implicated in various nuclear functions. We have identified a novel protein from wheat, AT hookcontaining MAR binding protein1 (AHM1), that binds preferentially to MARs. A multidomain protein, AHM1 has the special combination of a J domain-homologous region and a Zn finger-like motif (a J-Z array) and an AT hook. For MAR binding, the AT hook at the C terminus was essential, and an internal portion containing the Zn finger-like motif was additionally required in vivo. AHM1 was found in the nuclear matrix fraction and was localized in the nucleoplasm. AHM1 fused to green fluorescent protein had a speckled distribution pattern inside the nucleus. AHM1 is most likely a nuclear matrix component that functions between intranuclear framework and MARs. J-Z arrays can be found in a group of (hypothetical) proteins in plants, which may share some functions, presumably to recruit specific Hsp70 partners as co-chaperones.
INTRODUCTION
The nuclear matrix, operationally defined, is the dynamic fibrogranular structure forming the skeletal framework that surrounds and penetrates the interphase nucleus; it has been implicated in most nuclear functions, including replication, repair, transcription, RNA processing, and RNA transport (Berezney and Jeon, 1995) . The chromosomal DNAs are known to be associated with the nuclear matrix at specific regions called matrix attachment regions (MARs) and are thereby thought to be organized into topologically constrained loops, each of which represents a sort of functional or structural domain (or both) (Laemmli et al., 1992; Bode et al., 1996) . In animals, interactions between the nuclear matrix and MARs have also been shown to be involved in DNA replication and repair and in various aspects of gene regulation, thus playing a key role in the essential functions of the nucleus (Boulikas, 1995; Bode et al., 1996) .
MARs consist of AT-rich sequences extending over at least a few hundred base pairs and containing various ATrich motifs as well as structural motifs such as base-unpairing regions and intrinsically curved portions (Boulikas, 1995) . In animals, MAR binding activity has been found in a wide range of structurally and functionally diverse proteins (listed in Boulikas, 1995) . These include topoisomerase II (Adachi et al., 1989) ; filament proteins such as lamins and NuMA (Ludérus et al., 1992 (Ludérus et al., , 1994 ; ARBP, identical to a methylated CpG binding protein (von Kries et al., 1991; Weitzel et al., 1997) ; hnRNP-U/SAF1, an RNA binding protein involved in RNA processing (Fackelmayer et al., 1994; von Kries et al., 1994) ; SATB1, a tissue-specific transcription factor with high affinity for base-unpairing regions (Dickinson et al., 1992; de Belle et al., 1998) ; and architectural chromatin proteins such as histone H1 and HMG-I/Y (Zhao et al., 1993) .
In plants, MARs have been found in intergenic regions, often in or close to the regulatory regions of genes, and close to the integration sites of transgenes (Holmes-Davis and Comai, 1998) . Mapping MARs along a long stretch of chromosomal DNA in cereals and Arabidopsis showed that each of the potential loops defined by two MARs contained a single gene or a subset of genes-findings that support the loop model (Avramova et al., 1995 (Avramova et al., , 1998 van Drunen et al., 1997; Tikhonov et al., 2000) . Transgenic studies have indicated that MARs improve the amount of expression, and sometimes the stability, of flanking transgenes, although the results have depended on the systems used and the MARs examined (reviewed in Spiker and Thompson, 1996; HolmesDavis and Comai, 1998) . Growing evidence indicates that nuclear matrix-MAR interactions are also important in plants at higher levels of gene regulation as well as chromosomal organization.
Plant nuclear matrices are morphologically similar to vertebrate matrices (reviewed in Moreno Díaz de la Espina, 1995) and contain proteins antigenically related to animal nuclear matrix components, such as topoisomerase II, NuMA, and lamins (e.g., Mínguez and Moreno Díaz de la Espina, 1993; Yu and Moreno Díaz de la Espina, 1999) . However, plant nuclear matrices are thought to be organized differently from vertebrate matrices, at least in part, based on the complex protein composition and greater stability of plant matrices and the distribution of some intermediate filament-related proteins (reviewed in Moreno Díaz de la Espina, 1995) . Two kinds of filament-like proteins, tomato MFP1 (Meier et al., 1996; Gindullis and Meier, 1999) and carrot NMCP1 (Masuda et al., 1997) , and the MFP1-interacting protein MAF1 (Gindullis et al., 1999) have been identified as nuclear matrix proteins localized to the peripheral region of the nucleus. MFP1 is also a MAR binding protein and is thought to be involved in the organization of chromosomal DNAs (Meier et al., 1996; Gindullis and Meier, 1999) . Recently, two MAR binding proteins with homology to nucleolar proteins have been found in the pea nuclear matrix (Hatton and Gray, 1999) . Thus, our knowledge of the molecular basis of the nuclear matrix-MAR interactions is still fragmentary. To further understand the nuclear matrix-MAR interactions in plants, we screened for nuclear matrix-localized MAR binding proteins. Here, we report the isolation and characterization of a novel type of nuclear protein, AT hookcontaining MAR binding protein1 (AHM1), which could potentially function to connect the nuclear framework and MARs.
RESULTS

Isolation of cDNA and Genomic Clones of AHM1
The WCI-3b MAR found in the upstream region of a winged bean chymotrypsin inhibitor gene has characteristics typical of MARs (Minami et al., 1999) . This MAR was radiolabeled and used as a probe to isolate wheat cDNAs encoding potential MAR binding proteins by screening a gt11 expression library. Thirteen positive phages were isolated from ‫ف‬ 10 6 recombinants. The cDNA-encoded proteins were expressed in lysogens as ␤ -galactosidase fusions, separated by SDS-PAGE, and subjected to a MAR binding assay. Seven clones exhibited MAR binding activity on a filter, from which two that expressed larger ␤ -galactosidase fusions were finally selected ( AH8 and AH10). Sequencing revealed that both encoded novel proteins contained an AT hook, so we named them AHM1 and AHM2 ( Figure 1) . As a result of the structural novelty and the MAR binding activity displayed in the yeast one-hybrid assay (detailed below), we focused on AHM1.
Using the cDNA insert of AH8 as a probe, we isolated and sequenced additional cDNA clones and a corresponding genomic clone. The transcription initiation site was deduced from the sequence of the longest clones, which were repeatedly isolated in independent experiments of rapid amplification of cDNA 5 Ј ends (5 Ј RACE). Comparisons between the genomic and cDNA sequences revealed that the Ahm1 gene contains no introns and encodes a 542-amino acid protein, assuming the first ATG in the sequence is the initiation codon. This estimation was in good agreement with the size of the immunologically detected AHM1 protein. In DNA gel blot analysis, two to four bands hybridizing to the 3 Ј half of the Ahm1 gene (corresponding to amino acid positions 332 to 527) were detected when the genomic DNA was first digested with BamHI, EcoRI, or HindIII (data not shown). Because wheat is hexaploid, Ahm1 appears to be a single-copy gene per haploid. No typical TATA sequence was found at an appropriate distance from the deduced transcription initiation site. The DDBJ/EMBL/GenBank accession numbers for the genomic sequence of AHM1 and for the cDNA sequence of AHM2 are AB030708 and AB030709, respectively.
AHM1 I a Member of the Plant-Specific J Domain Protein Subfamily
The amino acid sequence of the AHM1 protein deduced from the nucleotide sequence has several distinct regions, as shown in Figure 1 . A considerable part ( ‫ف‬ 44%) of the molecule consists of two kinds of imperfect tandem repeats: R1 (positions 151 to 315), containing 11 copies of a 15-amino acid unit [consensus sequence PPPQSSPL(Q/R)AATQPP], and R2 (positions 439 to 516), containing five copies of a 14-amino acid unit (consensus sequence EVPAAPEPV-MPTRV). The first and second repeats of R2 have an extra four amino acids internally. No related repeats could be found in the databases. The second repeat of R2 is followed immediately by a short basic region containing an AT hook, which is known to interact with the minor groove of AT-rich stretches of B-form DNA (Reeves and Nissen, 1990; Huth et al., 1997) . Such a combination-a tandem repeat plus an AT hook-is also found in AHM2, although the sequence of its repeat unit (consensus sequence GKEPISSETTKQ) differs from that of R2 ( Figure 1B) .
The N-terminal (positions 14 to 143) and middle (positions 332 to 393) portions of AHM1, just flanking R1, are similar to the respective portions of a group of (hypothetical) proteins in Arabidopsis, rice, soybean, and others ( Figure 2) . The former includes a region of ‫ف‬ 70 amino acids (positions 72 to 143; Figure 2A ) with similarity to so-called J domains. The J domains, known to interact with Hsp70/Hsc70 chaperones, are found in the DnaJ/Hsp40 family members and also in other structurally and functionally different proteins (J only, in Figure 2A ) (Kelley, 1998; Mayer and Bukau, 1998) . As evidenced from the alignment shown in Figure 2A , the J domain-like region of AHM1 has considerably diverged from the canonical J domains of Escherichia coli DnaJ and its close relatives. However, the divergence is similar to the difference seen with the J domains of simian virus 40 (SV40) and other polyomaviral T antigens, which can functionally substitute for the DnaJ J domain in E. coli (Kelley and Georgopoulos, 1997) . Furthermore, secondary structure prediction for AHM1 did not deny the folding pattern resolved with J domain polypeptides derived from DnaJ and human Hdj-1 (Pellecchia et al., 1996; Qian et al., 1996) . In particular, hydrophobic residues participating in the formation of a short coiled-coil between helices II and III and the three-amino acid sequence HPD in the resulting loop are well conserved ( Figure 2A ). The helix II and HPD-containing loop have been shown to interact directly with the ATPase domain of the Hsp70 partner (Greene et al., 1998; Suh et al., 1998) . Taken together, these findings support AHM1 as a member of the J domain protein family.
The middle portion includes a region (positions 332 to 366) with four Cys residues arranged in the pattern CX 2 CX 16 CX 2 C, reminiscent of a Zn finger motif, although the primary sequence around this motif did not fulfill any of the known Zn finger motif signatures. Each member of a group of proteins predicted from the genomic and expressed sequence tag sequences of Arabidopsis, soybean, and rice has a region homologous to the Zn finger-like motif found in AHM1, in which several residues are highly conserved in addition to the four Cys residues ( Figure 2B) . Thus, the Zn finger-like motif is expected to act as a structurally distinct module. Most of these predicted proteins have a J domainlike region toward the N terminus of the Zn finger-like motif with or without a linker-like region in between, which suggests that these two regions may function in a cooperative manner. Such a combination, hereafter referred to as a J-Z array, represents a subset of plant-specific J domain proteins. The proteins containing a J-Z array probably share a common function, possibly serving as co-chaperones.
Some of the putative proteins with a Zn finger-like motif share additional similarity to AHM1 in the region immediately following the motif ( Figure 2C ). Interestingly, an AT hook was found in one of these proteins (GenBank accession number AAD12700) at the C terminus ( Figure 2D ; see Discussion).
MAR Binding Activity of AHM1
Based on the structural features described above, various portions of AHM1 ( Figure 3) were expressed in E. coli as a His-tagged protein to determine the region or regions relevant to MAR binding. Expressed proteins were purified and subjected to an in vitro MAR binding assay with WCI-3b MAR as a probe. As shown in Figure 4A , all derivatives with the same C terminus as AHM1 were capable of binding to the MAR (see His-AH8, -Mut1, -MutC, -Mut2, -MutRC, and -Mut5), whereas a deletion of only 14 or 15 amino acids from the C terminus (His-Mut3 and -Mut4), which disrupts the AT hook, abolished MAR binding activity. Thus, the C-terminal basic region was the only portion absolutely required for MAR binding activity of AHM1 in vitro, and the rest-including the J domain-like region, R1, the Zn finger-like motif, and R2-were dispensable. However, a very faint signal was detected for His-Mut3 in some experiments.
To clarify the involvement of the AT hook in MAR binding, we introduced a point mutation to substitute Lys for Arg528, located at the center of the absolutely conserved threeamino acid sequence, GRP, in AT hooks (Aravind and Landsman, 1998) . The corresponding Arg residue in HMG-I/Y has been shown to participate directly in the interaction with AT base pairs (Huth et al., 1997) . The resulting mutant protein, His-Mut1(R528K), showed much less MAR binding activity ( Figure 4B) ; therefore, the AT hook, not simple basicity, is responsible for the ability of AHM1 to bind to MAR.
To examine MAR binding activity in vivo, we expressed (A) An alignment of J domains. J domain proteins can be divided into three groups: DnaJ/Hsp40, which includes the canonical DnaJ and closely related homologs; J-Z array, which includes AHM1 and selected Arabidopsis proteins (shown with their GenBank accession numbers) having the Zn finger-like motif shown in (B); and J only, a diverse set of proteins that have no important similarity outside of the J domain. Above the alignment, four ␣-helical regions resolved in DnaJ (Pellecchia et al., 1996) are shown. Hydrophobic residues participating in the short coiled-coil structure between helices II and III and solvent-accessible residues are indicated with (#) and (•), respectively. Conserved residues (Ͼ50% in the alignment) are highlighted, and related residues (hydrophobic or basic) are in boldface. AHM1 derivatives fused to the activation domain of Gal4p (GAD) in a yeast strain carrying the CYC1-lacZ reporter with the WCI-3b MAR upstream of the promoter ( Figure 5A ). If a GAD-AHM1 fusion protein binds to the MAR and activates the promoter, then the amount of ␤ -galactosidase activity detected is increased. As shown in Figure 5B , the presence of the AT hook was essential (see ), but the J domainlike region and R1 were dispensable (cf. GAD-AH8 and -Mut1), consistent with the results of the in vitro binding assay. However, as the deletion was extended from position 332 toward the C terminus, the amount of reporter gene expression decreased (cf. GADMut1, -MutC, and -Mut2), being reduced to almost background values (cf. GAD-MutRC and -MutAT with GAD). When the internal portion was fused directly to the AT hook (GAD-Mut5), considerable reporter gene expression was detected. Thus, in yeast, the AT hook alone was insufficient, and the internal portion between the two repeat regions R1 and R2 was also required for MAR binding. Consistent with these results, the MAR binding activity of AHM2, which has a single AT hook immediately following a tandem repeat, was detected in vitro but not in yeast (data not shown).
Mode of the AHM1-MAR Interaction
To determine the binding specificity of AHM1, we examined the effects of AT-rich polynucleotide competitors and distamycin A, an antibiotic known to interact specifically with the minor groove of AT-rich DNA with little conformational change (Kopka et al., 1985) . To compare the results from different filters, we used the interaction between the wheat basic leucine zipper (bZIP) protein HBP1a(17) and its highaffinity binding site Hex (CCACGTCA) (Meshi et al., 1998 ) as a reference. As shown in Figure 6A , WCI-3b MAR and Hex probes specifically bound to His-Mut1 and His-tagged HBP1a(17) (His-1a[17]), respectively. When distamycin A was included in the binding reaction, the MAR binding of His-Mut1 was strongly inhibited at ‫ف‬ 1 M ( Figures 6B and 6C ). On the other hand, the binding of His-1a(17) was little affected at 2 M ( Figure 6B ) or 10 M (data not shown), consistent with the fact that the bZIP DNA binding domain interacts with the major groove of its recognition site (e.g., Ellenberger et al., 1992) . Therefore, AHM1 interacts with the minor groove of DNA. When synthetic polynucleotides with similar minor groove surfaces were included in the binding reaction ( Figure 6B ), poly(dAdT)·poly(dA-dT) and poly(dA)·poly(dT) inhibited the binding of His-Mut1 at ‫ف‬ 40 g/mL, whereas little, if any, competition was observed with poly(dI-dC)·poly(dI-dC) at 80 g/mL.
No competition was observed with single-stranded polynucleotide poly(dA) or poly(dT) ( Figure 6B ).
His-Mut1 also interacted with the MARs derived from the Arabidopsis plastocyanin gene (PS MAR) and the mouse immunoglobulin gene (Ig MAR) with similar specificity (Figures 6A and 6C) . The binding of His-Mut1 to MARs was barely inhibited by excess amounts of E. coli DNA, whereas the binding to an AT-rich, non-MAR fragment (AT410) was effectively inhibited ( Figure 6D ). The MAR binding efficiently competed with the cognate WCI-3b MAR and Ig MAR but not with AT410 ( Figure 6E ). Taken together, AHM1 is a MAR binding protein and is also an AT-rich sequence-directed double-stranded DNA binding protein with some sequence specificity, conformational preference, or both.
Expression and Subcellular Localization of AHM1
Ahm1 mRNA was detected in the poly(A) ϩ RNA-enriched fraction extracted from wheat seedlings but could not be detected in the total RNA fraction (data not shown). Therefore, the mRNA is likely to be expressed in low amounts under normal growth conditions. The size of the mRNA on an RNA gel blot was ‫ف‬ 2.1 kb, consistent with the sum of the cloned cDNAs. The Ahm1 transcript was detected in both roots and leaves of young seedlings by reverse transcription-polymerase chain reaction analysis (data not shown).
Expression of the AHM1 protein was examined by immunoblot analysis. As shown in Figure 7A (lanes 5 and 8) , anti-AHM1 antibodies that had been affinity-purified by means of His-MutJL or His-MutR1Z (Figure 3 ) detected two closely migrating proteins in the nuclear fraction with an apparent molecular mass of 67 kD. Their mobility was almost the same as that of His-AH8 ( Figure 7A, lanes 4 and 7) , which is only two amino acids longer than AHM1 predicted from the nucleotide sequence. Therefore, the two bands must represent AHM1. The presence of two bands may result from modification of the protein or may represent a protein derived from a different gene (genome) in wheat. The faster migrating minor bands may be derived from cross-reacting proteins with a similar epitope or from degradation products of AHM1. No signal could be detected in total protein extracts of wheat roots (data not shown).
To determine whether AHM1 is localized in nuclear matrix, we prepared wheat nuclear matrix from the apical portion of young roots by two different methods. As shown in Figures  7A (lanes 6 and 9) and 7B (lane 2), AHM1 was recovered in the lithium diiodosalicylate-extracted nuclear matrix. Most of AHM1 remained in the nuclear matrix fraction that had been prepared without heat stabilization, from which most proteins had been removed ( Figure 7B, lanes 1 to 3) . The high-salt extraction method yielded a different protein composition for the nuclear matrix ( Figure 7B , top, lanes 4 to 6). AHM1 was also recovered in this nuclear matrix fraction but was undetectable in the soluble protein fraction ( Figure 7B , bottom, lanes 4 to 6). It is therefore likely that AHM1 is a component of the wheat nuclear matrix.
The nuclear localization of AHM1 was confirmed by in situ immunofluorescence microscopy. As shown in Figures 8A  to 8C , when permeabilized root cells of wheat seedlings were incubated sequentially with the affinity-purified antibody and a fluorescein isothiocyanate (FITC)-conjugated secondary antibody, the green signal was seen mainly in the nucleoplasm and outside the nucleoli, in good agreement with the pattern obtained by 4 Ј ,6-diamidine-2-phenylindole (DAPI) staining. Control staining with the secondary antibody alone showed a low amount of diffuse staining throughout the cell (data not shown).
When a green fluorescent protein (GFP)-AH8 fusion gene driven by the 35S promoter was introduced into tobacco BY2 cells by particle bombardment, the GFP-derived green signal was almost exclusively detected in the nucleoplasm ( Figures 8D to 8F) , consistent with the results of the immunolocalization. A speckled distribution of GFP-AH8 was observed by confocal microscopy ( Figures 8G to 8I ). These observations suggest that AHM1 is associated with the intranuclear framework. In contrast, GFP alone was detected in both the cytoplasm and the nucleus (Figures 8J to 8L ). 
DISCUSSION
AHM1 Is a Single AT Hook Protein
In this work, we have identified a novel type of nuclear matrix protein, AHM1, with high affinity for MARs. We found that a single AT hook at the C terminus is required for binding to MARs both in vitro and in vivo. In addition, an internal portion of the molecule, including the Zn finger -like motif and its C-terminal flanking region, was required for AHM1 to have full binding activity in vivo. Likewise, the MAR binding activity of AHM2, which also has a single AT hook, was detected in vitro but not in yeast. AHM1 was found to interact with the minor groove of MARs, and the central Arg residue in the three-amino acid sequence, GRP, which is conserved among AT hooks, was critical for MAR binding. This provides additional evidence that the Arg side chain is involved in the recognition of AT base pairs in the minor groove (e.g., Reardon et al., 1993; Huth et al., 1997) . MAR binding proteins sometimes have an affinity for single-stranded nucleic acids, as exemplified by hnRNP-U and lamins (Fackelmayer et al., 1994; Ludérus et al., 1994) ; however, the MAR binding of AHM1 was not influenced by excess poly(dA) or poly(dT) in the reaction.
Numerous chromatin proteins have been found to contain single or multiple AT hooks (listed in Aravind and Landsman, 1998) . In general, an AT hook is thought to function as an auxiliary protein motif that cooperates with other DNA binding regions (either in the same or in a different molecule) or facilitates changes in the structure of the DNA (Aravind and Landsman, 1998) . In the case of HMG-I/Y, which contains three AT hooks, multivalent interactions between the AT hooks and appropriately spaced AT-rich tracts are required for specific high-affinity binding; a single AT hook in a polypeptide or a single AT tract on the target DNA results in the loss of interaction or a greatly reduced interaction (Maher and Nathans, 1996; Yie et al., 1997) . Furthermore, the C-terminal acidic region and the spacer regions between AT hooks have also been shown to facilitate the binding (Yie et al., 1997; Frank et al., 1998) . A requirement for more than one AT hook in DNA binding has also been reported for rice PF1, an HMG-I-like protein (Nieto-Sotelo et al., 1994) . These observations are consistent with our finding that the cooperation of the internal portion and the C-terminal AT hook is necessary for MAR binding in vivo. In the in vitro assay, a single MAR probe may be able to bind to multiple AT hooks, each derived from an AHM1 derivative fixed on the filter, resulting in the ability to bind to MAR without the internal portion.
AHM1 Is a Novel Nuclear Matrix Protein
We located AHM1 in the operationally defined nuclear matrix fraction as a 67-kD protein. It was localized in situ in the nucleoplasm, and transiently expressed GFP-AH8 had a speckled distribution pattern inside the nucleus. Similar distribution patterns have been reported for nuclear matrixlocalized snRNPs, including a protein capable of binding to MARs (Mattern et al., 1999) . The mRNA encoding AHM1 was expressed at a low level. Furthermore, AHM1 does not have the structural features of filament proteins such as MFP1 (Meier et al., 1996) . Therefore, AHM1 does not appear to be an architectural component of the nuclear framework; rather, it seems to connect the intranuclear framework and MARs. It may also be involved in specific nuclear activities that depend on nuclear matrix-MAR interactions. In this connection, possible functions of the J domain -like region and the Zn finger -like motif are discussed below.
Possible Functions of AHM1 as a J-Z Array-Containing MAR Binding Protein
An interesting feature of the AHM1 protein is its J-Z array, the special combination of a J domain-homologous region and a novel type of Zn finger -like motif, conserved among a subset of plant-specific J domain proteins. The J domain was first recognized as an ‫-07ف‬amino acid region conserved among the members of the DnaJ/Hsp40 family (Silver and Way, 1993; Kelley, 1998) . Homologous regions have also been found in a diverse set of proteins (see Figure 2A ) that are not necessarily related to each other in terms of structure and function, for example, auxilin, functioning in the uncoating of clathrin-coated vesicles (Ungewickell et al., 1995) ; SV40 T antigen, involved in viral replication and functional modulation of cell cycle regulators (Campbell et al., 1997; Zalvide et al., 1998) ; Sec63p, a part of the machinery involved in protein translocation through the endoplasmic membrane (Lyman and Schekman, 1997) ; and cysteine string proteins that are involved in exocytosis of synaptic vesicles (Zinsmaier et al., 1994) . These J domain-only proteins as well as the DnaJ/Hsp40 family members commonly utilize their J domains to recruit a specific Hsp70/Hsc70 chaperone partner or partners and to facilitate the processes involving conformational changes of proteins or protein-protein interactions (Kelley, 1998; Mayer and Bukau, 1998) . Considering these facts, AHM1 probably also functions by interacting through its J domain-like region with an Hsp70 member in the nucleus.
Interestingly, a parallel molecular organization can be found between AHM1 and DnaJ, as illustrated in Figure 2D . DnaJ and closely related homologs have a J domain at or near the N terminus, followed by a Gly/Phe-rich linker region, C4-type Zn fingers consisting of CXXCXGXG repeats, and a C-terminal unique region (Silver and Way, 1993; Kelley, 1998) . AHM1 is composed of a J domain-like region near the N terminus, a linker-like tandem repeat region (R1), a Zn finger-like motif with four conserved Cys residues, and a C-terminal region containing the combination of a tandem repeat (R2) plus an AT hook. In DnaJ and Ydj1p, the Zn finger and C-terminal regions have been shown to be involved in substrate binding (Szabo et al., 1996; Lu and Cyr, 1998) ; likewise, we determined that the corresponding regions of AHM1 were needed for binding to the substrates, that is, the MARs. The AHM1-related proteins with a J-Z array have various C-terminal regions. Among them, an Arabidopsis protein (AAD12700) is of particular interest because an AT hook is found at the C terminus and because the region immediately adjacent to the C-terminal end of the Zn finger-like motif is also homologous to the corresponding region of AHM1 ( Figures 2C and 2D) ; these regions of AHM1 were found to be required for MAR binding. (A) Immunodetection of AHM1. Wheat nuclear proteins and nuclear matrix proteins were extracted 40 hr after imbibition. Proteins were separated on an SDS-12% polyacrylamide gel for silver staining (lanes 1 to 3) or on an SDS-10% polyacrylamide gel for immunoblotting (lanes 4 to 9). Lane 1, molecular mass markers given at left in kilodaltons; lanes 2, 5, and 8, total nuclear proteins; lanes 3, 6, and 9, lithium diiodosalicylate (LIS)-extracted nuclear matrix proteins; and lanes 4 and 7, affinity-purified His-AH8. The amounts of proteins loaded were derived from 1 and 3 A 260 units of nuclei for silver staining and immunoblot, respectively. Anti-AHM1 antibodies were affinity-purified with His-MutJL (lanes 4 to 6) or His-MutR1Z (lanes 7 to 9) and used to detect AHM1. An arrowhead indicates the position of AHM1. (B) AHM1 in the nuclear matrix fraction. Nuclei were prepared 5 days (lanes 1 to 3) or 40 hr (lanes 4 to 6) after imbibition. Proteins were separated on an SDS-12% polyacrylamide gel for Coomassie blue staining (top, CBB) or on an SDS-10% polyacrylamide gel for immunoblotting with the IgG fraction of the anti-AHM1 antibody (bottom, Immunoblot). Lane 1, total nuclear proteins; lanes 2 and 3, LIS-extracted nuclear matrix proteins prepared with (lane 2) or without (lane 3) heat stabilization; lane 4, nuclear proteins after DNase I treatment; lane 5, nuclear matrix proteins prepared from DNase I-treated nuclei by the high-salt extraction method; and lane 6, nuclear proteins solubilized during the high-salt treatment. The amounts of proteins loaded for immunoblot were equivalent to 6 A 260 units (lanes 1 to 3) or 4 A 260 units (lanes 4 to 6) of nuclei; for CBB staining, they were equivalent to 2 A 260 units (lanes 1 to 3) The nucleus is known as the most heat-labile organelle, and the nuclear matrix is thought to be a primary target for heat shock effects (reviewed in Roti Roti et al., 1997). In animal cells, Hsp70 is known to be relocated into the nucleus in heat shock, and this change is thought to be involved in the disaggregation of proteins that precipitate on the nucleoskeleton at high temperatures (e.g., Neri et al., 1995) . Although little is known about the heat stress response of the plant nucleus, an interesting possibility is that AHM1 may be involved in the recovery from lesions caused at high temperatures; at the same time, nuclear matrix-MAR interactions may be involved in such a process.
Interactions between the nuclear matrix and MAR binding proteins as well as nuclear heat shock proteins, including Hsp70 and Hsp40, have been implicated in gene regulation in animals, as exemplified by hormone receptor-mediated transcriptional regulation (e.g., Lauber et al., 1995; Dittmar et al., 1998) . Thus, it is also possible that AHM1 is involved in MAR-mediated gene regulation. Nuclear matrix-MAR interactions are thought to be a sort of mass binding phenomenon (Zuckerkandl and Villet, 1988) ; in other words, the specific function of a MAR may be achieved through a special multiprotein-DNA complex, resulting from the sum of the low-affinity binding of individual components (Bode et al., 1996) . AHM1 might function as a co-chaperone during the formation of such a multiprotein-DNA complex by recruiting the Hsp70 chaperone machinery around the MARs. Further analyses of AHM1, including its interacting partners, may provide a clue for understanding the molecular basis of elusive MAR functions from a novel aspect.
METHODS
Isolation of cDNA and Genomic Clones
All recombinant DNA manipulations were performed according to standard techniques (Sambrook et al., 1989) , unless otherwise specified. The screening of a wheat (Triticum aestivum cv HY1) expression cDNA library in gt11 with a DNA probe was performed as described by Tabata et al. (1989) , except that the binding buffer contained 25 mM Tris-HCl, pH 7.5, 136.9 mM NaCl, 2.68 mM KCl, 0.25% nonfat milk, 5 ng/mL 32 P-labeled WCI-3b matrix attachment region (MAR; 1.9 kb long; Minami et al., 1999) , and 50 g/mL sonicated Escherichia coli carrier DNA. The cDNA inserts of positive phages (AH series) were recloned into the EcoRI site of pBluescript SKϩ to yield pAH series plasmids and then sequenced. A wheat genomic library (Sakamoto et al., 1993) and cDNA library (5 ϫ 10 6 plaque-forming units) were screened by using the insert of pAH8 as a probe to yield a genomic clone (g50) and some partial cDNA clones. The 5Ј end of the transcript was determined by the rapid amplification of cDNA 5Ј ends (5Ј RACE) method, essentially as described by Frohman et al. (1988) , with modification (Chen, 1996) . RNAs were isolated from wheat embryos 40 hr after imbibition or from tissues of 5-day-old seedlings using the TRIzol LS reagent (Life Technologies, Grand Island, NY). Gene-specific primers used were 5Ј-GAGGGC-GGACTTAAGT-3Ј for cDNA synthesis and 5Ј-GAGGGCGGACTT-AAGT-3Ј and 5Ј-AGAGCCGGCGGAACTTGGAAT-3Ј for the first and second polymerase chain reaction (PCR) amplification.
Plasmid Constructions
The cDNA insert (EcoRI fragment) of pAH8 was recloned into pGAD424 (Clontech, Palo Alto, CA) and pET28a (Novagen, Madison, WI) to yield pGAD-AH8 and pET-AH8, which were used for expression of GAD-AH8 in yeast and His-AH8 in E. coli, respectively. pGAD-Mut1 and -Mut3 were constructed by inserting the 0.72-kb (partial digestion) and 0.59-kb HincII fragments of pAH8 into the SmaI site of pGAD424. The 0.81-kb BstYI-EcoRI fragment of pAH8 was blunt-ended and cloned into the filled-in BamHI site of pGAD424 to yield pGAD-Mut2. pGAD-Mut4 was created by deleting a SalI fragment from pGAD-AH8. pGAD-Mut5 was constructed by replacing an NcoI-SalI fragment of pGAD-Mut1 with a synthetic doublestranded oligonucleotide, resulting in an in-frame deletion. pGADMutRC and -MutC were created with PCR-amplified fragments. Sitedirected mutagenesis was performed with a PCR-based kit method (Takara Shuzo, Otsu, Japan) to create pGAD-Mut1(R528K). pET-Mut series plasmids were generated by replacing the vector of the pGADMut series with pET15b. As for pET-MutJL and -MutR1Z, PCRamplified fragments were directly cloned into pET15b. The lacZ reporter plasmid pLGM was constructed by placing the 0.88-kb fragment of WCI-3b MAR (fragment M; Minami et al., 1999) between the SmaI and XhoI sites of pLG⌬-312 (Guarente and Mason, 1983) . The G3GFP gene (Kawakami and Watanabe, 1997) was slightly modified (A. Tamai and T. Meshi, unpublished data) and cloned into pBI221 (Clontech) in place of the ␤-glucuronidase gene to yield pBIG3GFP. In pAH8G3GFP, a derivative of pBIG3GFP, the termination codon of the original G3GFP gene (Kawakami and Watanabe, 1997) was replaced with a synthetic linker (encoding GGGGVDLEGGP) plus the EcoRI fragment of pAH8. All of the PCR-amplified fragments and all ligation junctions were sequenced before use.
Expression of Recombinant Proteins in E. coli
His-tagged recombinant proteins were expressed in E. coli BL21(DE3)pLysS and purified with a HiTrap chelating column (Pharmacia), essentially as described previously (Meshi et al., 1998) , in the presence of 6 M urea. His-AH8 carried vector (pET28a)-derived 34 amino acids at the N terminus and lacked the N-terminal 32 amino acids of AT hook-containing MAR binding protein1 (AHM1). The other derivatives had the same N-terminal His-tag sequence derived from pET15b, MGSSHHHHHHSSGLVPRGSH, plus one to six extra amino acids: KFP for His-Mut1, -Mut3, and -Mut5; EIPG for His-Mut2; KFPGIE for His-Mut4; and M for His-MutRC and -MutC. His-Mut3 and -Mut4 carried vector-derived C-terminal sequences GSVDLQRSMLED-PAANKARKEAELAAATAEQ and AEIYARGSGC, respectively.
In Vitro DNA Binding Assay
Proteins (usually 0.1 g each) were separated on SDS-10% polyacrylamide gels and electrophoretically transferred onto a nitrocellulose filter. Binding was performed in a sealed bag in a DNA binding buffer containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 4 g/mL sheared E. coli DNA, and 2 ng/mL end-labeled MAR fragment in the presence or absence of competitors, unless otherwise specified. Synthetic oligonucleotides and distamycin A were obtained from Pharmacia and Sigma, respectively. After incubation for 15 hr at room temperature, the filters were washed three times with the DNA binding buffer minus probe and autoradiographed. The probes used were a 0.88-kb fragment of WCI-3b MAR (fragment M; Minami et al., 1999) , a 0.44-kb fragment containing the mouse Ig locus MAR (Cockerill and Garrard, 1986) , and a 1.3-kb fragment corresponding to MAR-1 in the Arabidopsis plastocyanin locus (van Drunen et al., 1997) . The latter two were PCR-amplified and subcloned. A 205-bp fragment of pUC19 (nucleotides 1421 to 1625) was dimerized and used as an AT-rich, non-MAR fragment. Preparation of His-tagged HBP-1a(17) and the synthetic oligo Hex31 was as described earlier (Meshi et al., 1998) .
One-Hybrid Assay in Yeast
Yeast techniques used were essentially those described by Kaiser et al. (1994) . The yeast strain YPH499 (Sikorski and Hieter, 1989) was transformed with pLGM and a pGAD series plasmid, and the ␤-galactosidase activity expressed in the transformants was determined according to method I described by Kaiser et al. (1994) .
Isolation of Nuclei and Nuclear Matrix
Wheat seedlings were harvested ‫5.1ف‬ or 5 days after imbibition, and the roots were frozen in liquid N 2 . After the specimens had been pulverized to a fine powder, the cells were lysed at 4ЊC for 5 min in a buffer containing 25 mM Tris-HCl, pH 8.5, 5 mM MgCl 2 , 2.5% Ficoll, 5% Dextran T-40, 0.1% Triton X-100, 0.44 M sucrose, 2.5 mM DTT, 0.05 mM spermine, and 0.125 mM spermidine, supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 M transepoxysuccinyl-L-leucylamido-(4-guanidino)butane (E-64). The lysate was filtered sequentially through two layers of Miracloth (Calbiochem) and 60-m (pore size) nylon mesh. The crude nuclei were collected by centrifugation and washed twice in the lysis buffer without Triton X-100. Further purification of nuclei by Percoll gradient centrifugation and preparation of the nuclear matrix with lithium diiodosalicylate (either with or without heat stabilization) were performed as described previously (Minami et al., 1999) . High-salt extraction of nuclear matrix was performed essentially as described by Masuda et al. (1993) . Briefly, nuclei were suspended in buffer A (50 mM Mes, 5 mM MgCl 2 , 0.25 M sucrose, and 10% glycerol, pH 6.0) plus 1 mM PMSF and incubated at 12ЊC for 1 hr with DNase I (Takara Shuzo) at a final concentration of 50 g/mL. After the nuclei were washed three times, they were suspended in buffer A. The salt concentration of the suspension was gradually increased to 2 M by adding an equal amount of buffer A containing 4 M NaCl. The suspension was then incubated for 30 min on ice. Nuclei were washed twice, and the final precipitable fraction was used as nuclear matrix. The salt-extracted proteins were recovered from soluble fractions with Protein Concentrate (Geno Technology, St. Louis, MO). One A 260 unit of nuclei was defined as the amount that corresponded to 50 g of nuclear DNA.
Immunological Analysis
Affinity-purified His-AH8 was used to immunize a rabbit. The IgG fraction was prepared by ammonium sulfate precipitation and HiTrap Q (Pharmacia) column chromatography. Polyclonal antibodies were affinity-purified with His-MutJL or His-MutR1Z. Immunoreactive proteins on protein gel blots were detected with the ProtoBlot II AP System (Promega). Wheat roots were fixed for 45 min at room temperature by immersion in 7.4% formaldehyde in a buffer of 60 mM Pipes, 25 mM Hepes, 10 mM EGTA, and 2 mM MgCl 2 , pH 6.8. The specimens were digested in a solution containing 2% Cellulase Onozuka RS (Yakult Pharmaceutical, Tokyo, Japan), 0.1% Pectolyase Y-23 (Seishin Pharmaceutical Co., Tokyo, Japan), 5 mM EGTA, and 0.4 M mannitol for 20 min and placed onto poly-L-Lys-coated cover slips. The samples were incubated with affinity-purified anti-AHM1 antibody for 60 min at room temperature. The cover slips were washed three times (5 min each) and incubated with goat anti-rabbit IgG coupled to fluorescein isothiocyanate (Molecular Probes, Eugene, OR) for 1 hr at room temperature. The samples were washed three times (5 min each), incubated briefly with 4Ј,6-diamidine-2-phenylindole, and examined under a microscope (Axioskop; Carl Zeiss, Jena, Germany) equipped with epifluorescence illumination. Images were obtained by a color-chilled charge-coupled device camera (model C5810; Hamamatsu, Photonics, Hamamatsu, Japan).
Expression and Detection of GFP and Its Fusion Product
Suspension-cultured cells of tobacco, Nicotiana tabacum cv Bright Yellow 2, were evenly distributed over the surface of a paper filter (No. 6; Whatman, Maidstone, UK) with the aid of a Buchner funnel. The paper filter was placed on a Petri dish containing solid Murashige and Skoog (1962) medium. Plasmids (pBIG3GFP and pAH8G3GFP) were adsorbed to 1-m-diameter gold particles and then bombarded into the cells on the paper filter with PDS1000/He (Rio-Rad Laboratories, Hercules, CA), essentially according to the manufacturer's instructions. Cells were cultured at 26ЊC in the dark. Ten to 24 hr after bombardment, cells were examined under a fluorescence microscope or under a confocal laser scanning microscope (model LSM410; Carl Zeiss) equipped with a filter set for fluorescence.
